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BLADE WAKE OSCILLATIONS

ACOUSTIC WAVE GENERATION

In the study of the generation of acoustic waves by the flow leaving the
impeller, attention has been primarily focused on the unateady pressure
distribution on stationary blades downstream of the impeller. In the

last quarterly report four effects which cause unsteady blade loading

were distinguished and each discussed in general terms. The effect
assumed to be most significant is the viscous wake effect. The analytical
procedures which had been developed for studying this wake effect have
been progremmed on the digital computer to permit numerical calculation of
the unsteady pressures due to this effect. This computer program and its
results are discussed below. A decision has been made not to attempt to
program on the computer the other three effects. A further discussion of
these three effects and a discussion of the decision to not program esch
is to be written but is not complete enough to be included in this report.
However, one significant factor influencing this decision is the hypothesis
that the acoustic waves of interest are generated by the velocity boundary
condition at the volute tongue cross-aection and not by the tongue loading.
Experimental data is required for further verification of this hypothesis.

Wake Effect

The wake effect conaidere the unsteady forces on a downstream blade passing
through the viscous wakes of an upstream system of blades. These viscous
wakes are formed as the boundary layer fiuid along the surfaces of the
upstream blade leaves this blade. The wsakes represent a region of velocity
defect with respect to the blades that shed them, but to a downstrear blade
row in relative moticn to the wakes they represent jets of fluid. These

wakes, in general, contain velocity components both parallel and perpendicular

to the downstream blades. Only the perpendicular component is of interest
in the following calculations of blade loading effects.

Since this downstream blade row is passing through these viscous wakes, the
wakes appear as a periodic unsteady flow. To determine the effects c¢f this
unsteady flow field on the blades, the theory of single thin airfoile in
non-uniform motion is applied. The basic assumptions upon which the theory
is built are:

1) the fluid is inviscid and incompressible

2) each blade row can be represented by an infinite, two-dimensional
cascade of airfoils

3) the airfoils are thin, slightly cambered, and have small turning
angles

4) the flow about the airfoil can be represented at any instant by
a vortex sheet superimpcsed upon & meen flow

5) all unsteady velocity components are small compared to the mean
velocity, and their effects can be linearly superimposed on the
"atationary" or other unsteady effects, and

6) the velocity at the trailing edge of the airfoil is gero.
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Assumption #1 regarding the inviscid character of the fluid does not prevent
the analysis of the effects of the viscous wakes described above. The wake
characteristics must be determined using viscous fiow theory. However, once
the wake is described, its effect on the downstream blades can be determined
from potential theory.

Due to assumptiocn #6, each airfoil creates a circulation about itself.

However, any change in the circulation about the airfoil is accompanied by

the shedding of vorticity such that the total circulation in the system is
always gero. This vorticity shed by the blade moves with the fluid (in contras’
with the airfoil which moves relative to the fluid). Therefore, an unsteady
flow field creates an unsteady circulation about the airfoil which is accompanied
by a wake of vorticity trailing the airfoil. The pressure or velocity induced
on the airfoil by this unsteady flow is calculated under these assumptions by
computing the quasi-steady effects of the incoming flow field plus the integrated

-effects of the Yorticity wake trailing the airfoil.

Von Karmen and Sears(l)*reviev these fundamental concepts and associated
equations of the circulation theory of airfoils. They then proceed to derive
the equations for the 1lift and moment on the airfoil due to an unsteady flow.
The equations they derive and the approach they follow are the basis for
computing the unsteady blade loading due to both the wake effect(2) and the
circulation effect (3) as considered by Kemp and Sears. However, in none of
these papers is the actual blade unsteady pressure and velocity distribution
derived, all emphasis being placed on the lift and moment. Meyer (4) using

the same approach does compute the unsteady pressure (and velocity) distribution
for the case of a sinmusoidal viscous wake profile, and he shows that this
pressure integrated over the blade length agrees with the lift of Kemp and Sears.
This result of Meyer is sufficient for computing the pressures due to any other
viscous wake profile since the profile can be represented by a Fourier sine -
gseries and each term considered separately then linearly superimposed. However,
there is a simpler approach presented by Lefcort which was used here.

After Meyer derived the pressure distribution for the sinusoidal viscous
wake profile, he proceeded to derive the pressure distribution for an
arbitrary wake profile of infinitely thin width, i.e. the wake width

to blade chord ratic is extremely small. In such a case the pressure
gradient is given by Meyer as

3p + 2eW¥ () (1)
ox  (+x) (-2

where

p = p (x, t) = pressure

x = distance along the blade chord from the centerline
of the chord

¢ = fluid densi

V = mean (steady) fluid velocity

¢ = blade chord

X' 21/c = dimensionless distance

b = wake half-width

w(E)= the viscous wake velocity component perpendicular to

the blade

t = tine

t'= 2Vt/c = dimensionless time

* Numbers in parentheses refer to references at the end of the report,
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and where

b
W= Sw(g)d'é, (2)
b
and o0
T(t*) =_1 Ss(u) SR (3)
Y - o0

where S (w) is the Sears' Function. This Sears' Function is defined as
s {w) s{iu[io (iw) + K (iw):] } -1 (4)

where K and are modified Bessel functions of the second kind. The
upper afd lowe signs of eq. (1) refer to the suction and pressure
side respectively.

Lefcort, setting x' = cos ©, integrated eq. (1) to yield the pressure,

p (O, t') =Igv7r (t*) tan _© (5)
2

where Lefcort's W is given by W/c. Lefcort then assumes that any
velocity profile of a viscous wake can be divided into a finite mmber
of increments such that esch increment has a small width. These
increments can then be treated separately using eq. (5), and the results
superimposed. Or, as shown by Lefcort, the superposition can be defined
by a single integral equation such that

plx' , t7) =% ¢V (¢ ') tan ©/2 (6)
where

W (t,") =-% S“z (b, + &) %!é,_‘::_'_ldé' (7)
v

k, (') = S’I’(t') s (8)
-1

E' = 2;/0

and t_ ' is the dimensionless distance obtained by dividing the distance
betwedn the viscous wake centerline and the blade chord centerline by
one-half the chord length. (These steps and definitions are not elaborated
on here since they are rresented in detail and with clarity in the referenced
papers.) If the viscous wake velocity profile, w(§ ), is known, eqs.(6)

and (7) can be solved tc determine the unsteady pressure distribution.

A digital computer program was written to mumerically solve eqs. (6) and

(7). The function, k,, is a complex function of modified Bessel functions
such that it is most easily represented on the computer by dividing the
function over a number of ranges and curve fitting each range by a polynomial,
A set of nine second order polynomials was found to adequately match the
tabulated values of k, (t') as given by Lefcort. Solution of eq.(7) also
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requires the first spatial derivative of the wake velocity. To permit
analysis of arbitrary wake profiles, the velocity derivative dw ( & )/d§
is assumed to be expressible by four functions, each defined over a
given quadrant of the total wake width. No restrictions are placed on
the four functions except that each is a function of only one independent
variable, £ . Therefore, any wake profile, whose quadrants can be
independently curve fit, can be handled by the computer program. All
profiles of practical interest will be of finite width (e.g. 2b in Meyer's
notation) such that the integral in eq. (7) will assume finite limits of
integration (e.g., from =b to b, using again Meyer's notation). The
general approach followed in the program is then:

1) “hoose a position of the wake relative to the blade, i.e.
choose a value of ¢t _*. -

2) Mumerically integrafe eq. (7) to determine W (to') using Simpson's
rule,

3) Using eq. {6) and the relationship, x' = cos O , compute the
pressure at distributed points along the blade due to this wake
position.

4) Increment t," to get a new wake position and repeat steps 1)
through 4).

Due to the behavior of it is easily seen that the wake does not effect
the blade until the lead edge of the wake reaches the leading edge of the
blade., This determines the initial value of t '. Initially small changes
int o' result in rapid preasure changes such fhat the incremental changes
in t ' should be small. In the program the initial increments were one-
tentf of the dimensionless wake width. After the wake trailing edge is
past the leading edge of the blade the increments were increased to one
wake width,.

Some sample results obtained from the program are shown in Figs. 1, 2, and 3.
In Fig. 1 the computer program results are compared with Lefcort‘s theoretical
results. The wake profile and other pertinent parameters are given by Lefcort,
The pressure shown is at Lefcort's transducer location #1, and his theoretical
curve was read from his Fig. 14 (a). The agreement is good considering the
inaccuracies in reading Lefcort’s curve from the figure. The comparison of
the experimental with the theoretical is given also by lefcort and indicates
the theoretical results to be accurate enough for present applications.

In Fig. 2 the effect of the wake width is illustrated by comparing the loading
for identical wake velocity profiles with variable wake half-width to blade
chord length ratios. As the relative wake width decreases the pressure
amplitude is reduced, and the effect of the wake is concentrated on a much
smaller extent of the blade. -

In Fig. 3 the effect of the wake profile is shown by comparing a triangular
wake with the more classic wake profile given as w(§ ) = cos? (% & /2B),
Each wake has the same maximum amplitude which has been normalized to a value
of 1.0, and each has the same integrated velocity defect. The results are
similar, the differences being less than the differences encountered in the
comparison of experimental and theoretical results.
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ACOUSTIC WAVE TRANSMISSICHN
Wave Transmission Around An Elbow

During the past quarter, digital computer programs were completed for
computing the impedance of a curved elbow with arbitrary radius ratio

and arbitrary angle, The approach taken for the solution is identical

to that used for the kinked, or mitered, elbow, and again a two-dimensional
elbow is assumed to permit the analysis. A sketch of the general curved
elbow is shown below indicating the significant variables.

: LT'Y
a,‘-\
FL :
ow 2 ¢
]

a bl
Ry
\ \ - X

The first step, of course, is to define the velocity profile at the
entrance and exit of the elbow, i.e. along a = a' and b- b', respectively,
This velociiy was determined on the computer by solution of the Laplace
equation representing two-dimensional steady potential flow. The solution
was accomplished using the familiar finite difference equations which were
solved by iterative techniques until convergence was reached.

For the kinked elbows the velocity profile was curve fit, and then the
impedance computed. For the curved elbows, the velocity is & function

of both Ry/R) an¢ @ (as defined in the previous sketch) and a curve fit
equation whiCh would be capable of handling a wide range of these two
variables would be very complicated and much less accurate than was the
case with the kinked elbow. As a result, the velocity profile obtained
from the computer program was plotted on a large scale and a "smooth"
curve drawn through the points by eye. From this curve the velocity

(U,) at many more points ( € ) were read, and these values of velocity
we¥e then input into the conpu%er in the impedance program.

The equations for computing the impedance are determined by following the
same steps given in detail in the first quarterly report. To compute
the impedance integrals of the form

.o

i = Sv(o’,)coswné.di ’ (9)

where

E = y-R (10)
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and U (E ) is the velocity along & - a° in the x direction, must be solved
for increasing values of m until m is sufficiently large to result in a
converged value of the impedance. At the pointsE=E., i =1, 2, ...,N the
values Ui are stored in the computer., It is now assuined that

it 5,585 5, , U5 ) =C+D8 (11)

That is, between the discrete values of { read into the computer the velocity
is approximated by a linear segment. The error in this approximation is
expected to be insignificant. Using eq. (11), eq. (9) can be solved as follows:

5i
I = i j [Ci+Di§ cos tm& df . (12)

i=2 Y]

This equation can be readily integrated such that numerical integration
procedures are not required. This approach was much more efficient on the
computer than the approach consisting of a single curve fit expression for
the velocity because of the difficulties of integrating exactly an equation
of the form of eq. (9) when U( € ) assumes various forms.

The impedance results obtained are shown in Figs. 4, 5, and 6 for = 90, 60,
and 30 degrees, respectively and for RB/ = 0,01, 0.1, 0.2, and 0.5 for each

$ . If the impedanceforRzl = 0,01 1s compared with the impedance of
the kinked elbow shown as Fig. 27in the last quarterly report, it will be
seen that the two are approximately equal. That is, the fact that the outer
wall is curved seems to have essentially no effect on this theoretical
impedance.

Wave Transmission Past Orifices

The impedance of orifices has been the subject of previous investigations
which are reported in the literature. The classical impedance of a circular
orifice is given as

Z= pok> +14 g1y (13)
2
2% xa
where
®* =1+ 1.78 (14)

orifice radius

orifice length

fluid density

fluid acoustic velocity
circular frequency

w/e

WK OO = e

This impedance contains a radiation resistance term ( = fck2/21r ) which is
usually small and a mass reactance (= pl'w/ 7 a) containing both the mass
within the orifice length and an end correction term variously reported as
(1.7a) or (16a/37 ). Actually, eqs. (13) and (14) give the impedance of a
circular orifice in an infinite wall when the orifice dimensions ("a" and "1")
are small compared to the wavelength of the sound. In addition, the validity
of eq. (13) is based on the assumption that the viscosity is small, and the
velocity of flow through the orifice is sufficiently small for laminar flow
to exist. The assumption of small orifice dimensions relative to the wave
length is maintained throughout the literature, however the relaxing of the
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other assumptions has been investigated, and correcting terms have been
derived either analyticslly or experimentally.

If the viscosity of the medium is significant, and the heat conductivity
can be neglected, Sivian (6) gives the impedance of the circular orifice as

Z=_1' 1pw 1.0 (15)
7 82 1.0- 20 J(® a(-21)1/2

6a(-21)ﬂ§- I, (6&(-21)1/2)

where
e=(vp /2 )]“/2 (26)

and s is the coefficient of viscosity. Sivian has neglected the radiation
resistance in this case. Ifx=0.0, thenéis infinite, and eq. (15)
simplifies to give the imaginary part of eq. (13). If

a>10 Poni (17)
V 2 p 12

vhere £ (= w/2 ) is the oscillation frequency, then Kinsler and Frey (7)
show that eq. (15) can be simplified to give a term

R, = v LT ¥ ‘ 1 (18)
7(&3

which should be added to both the resistance and reactance of eg. (13).
For air at room temperature eg. (17) yields

a> 0.61 inch
£
or, if £ 2 100 cps, then a> 0,06 inches which is generally observed.

Both Sivian and Kinsler and Frey show that the heat conductivity can be
included by using an effective viscosity in either eq. (16) or (18),
respectively, If the walls are good heat conductors in comparison with the
flowing medium, then this effective viscosity should be used, Letting /tbo
the effective viscosity, Sivian gives

pto=pflo ¢ (¥ a1) (Vio/E) ] 2 (19)
while Kinsler and Frey give
M ’)‘E’O + (v -1) (L.0/Pr) (1.0/V¥ )]2 (20)

where ¥ = apecific heat ratio and Pr is the Prandtl number., For air,
v = 1,41 and Pr « 0,73 such that both eq. (19) and (20) yield

/‘.'3202/& °
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Probably more important in the present fields of application is the effect
of the velociiy of flow on the orifice impedsnce. These changes of impedance
with velocity are attributed to flow circulations and turbulence and could
result from either an increased intensity of the incident oscillations or a
steady turbulent flow upon which the oscillating flow is superimposed. 4in
incressing velocity will increase the resistance and decrease the reactance
term of the impedance.

Sivian estimated the effect of the kinetic enmergy of the medium in the
orifice on the orifice resistance and found that a resistance term of amplitude

Re = 1/2 &‘%2 (21)

nust be added to the resistance due to radiation and viscositg In generel,
eq. (21) underestimated the effect of velocity. Utvik et al(BJderived a
theoretical resistance which in the units of this paper is given by

R @

which is three times larger than used by Sivian. However, these same
authors point out that the value in eq. (22) is derived under ideal

conditions and that actually a flow coefficient, Kf, should be used such that

Be2 sk, (23)

In a comparison with experimental data a value of Kf of 0.5 was used, and
good agreement was obtained.

Less information is available on the velocity effects on reactance than on
resistance. Utivk et al (8) indicate that for thin orifices, i.e. 1<2a,
the acoustic reactance begins to decrease at a critical velocity of

U, = 2711 (24)

and contimies until a minimum reactance is reached when fully developed
turbulent flow is reached which is assumed to occur at a Reynolds number
of 2000, or at a velocity of

UT = gw& (25)
2 ayp

The minimum reactance is given as three-eizhths of the low velocity reactance.
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Another significant influence on the reactance is the wall effect when the
orifice exists in a tube., If the tube radius is "r" and "a" is again the
orifice radius, then Bolt et al (9) show that the classical low velocity
reactance given in eq. (13) should include a correction factor § such that

X = we (T + 1.7§ a) (26)

Z‘az

where although § is actually a rather complicated function of both a/r
and rf/c. it can be conveniently approximated as

$§ =1.0 - (a/r). (27)

Bolt et al give a further empirical correction for the case where the
radiue of the orifice is less than one centimeter. This correction
involves replacing "a" in eq. (26) with "a'" where

a' = 5{0.245 5“3 + (a)l/z:i }1/3. (28)

In the event of an orifice plate with multiple orifices the effective
tube radius "r" to be used in eq. (27) might be determined by the relative
distance between holes with a resulting reduction in the reactance term.

In conclusion, the orifice resistance is seen to consist of a radiation term,
viscosity term with a correction for heat conductivity, and a velocity term.
The reactance term is formed from the classical mass expression with a
correction for both velocity and wall interaction effects.

Wave Transmission In Straight Ducts

The transmission of waves in straight pipes is well known, exact solutions
having been obtained for both the non-viscous "waterhammer" equations and
the viscous equations under certain simplifying assumptions including the
assumption of laminar flow., However, for the convenience of the reader the
derivation of the solution to the non-viscous equations is presented here,
the final solution being expressed in terms of the time delay operators.
These equation forms will be used in analog computer models of the ducting
in the systems to be studied in this study program.

Consider the linear, one-dimensional wave equation

2
3By _ . Yy o (29)

3 x2 c2 A t2

where Y is the velocity potential such that the velocity and pressure
are respectively defined as

V= = ;av ’ (30)
J

X
v
ot

. (%)

P= 5
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The general solution of eg. (29) is

Y LaMETY (32)

(X
nt(c

Y = Ae + Be

where A and B are constants representing the amplitude of an incident and
reflected wave system in the pipe. Substituting eq. (32) into egs. (30)
and (31) yields

v(z,t) = 4w " E,1'1/° - B,-in/c] (33)
¢

p(x,t) = ivggj"t A.in/c + B.'iu/"] (34)

The two constants A and B are determined by the boundary conditions.
These boundary conditions are generally expressed as either the pressure
and/or velocity at one or both end points of the pipe or the ratio of the
pressure and velocity representing the impedance at that end. Clearly,
two of these end conditions are required to define A and B and, thus, to
solve eqs. (33) and (34) .

To indicate the form of the final solution, assume that p(o,t) = P, end
v(L,t) = VL are known. Using eqs. (33) and (34)

iwt
P, =1ivge (o + B)
V. =i iwt ( “ivt—_ B.-iwt')

L%

wvhere 7 = L/c. Solving for A and B,

=iwt iv
A =_1 e ~P +{Ve+P _e "\/ 1
v 3 (L % Aei'r + e'i"J

S

-iwt ive
B = V. + P
'%9- ° (I‘ '}7% ° )(.inn' % ;ivr) )

These two values can now be substituted into eqs. (33) and (34), and the
velocity and pressure at any other points can be computed. Solving for
p(L,t) and v(o,t) ylelds

p(L,%) = 2P o —govy (1o (35)
1+ 3297 1+ iMT
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v (0,t) = Pg l-e -i2vr + 2V, g’i't . (36)
ge 1+ e-i2wz ) 1l +edcvr
(10)

D'Souza and (ldenburger included the effect of viscosity in the
solution for the case of laminar flow. conclude t the viscosity
effects are characterized by the parameter {a (w/z )1/2]vhere "a"

the pipe radius, "w" the circular frequency, and "v/ " kimatic
viscosity. As this parameter decreases the viscosity effects increase.
However, the authors do not indicate any critical value of the parameter,
above whiﬁ the viscosity effects can be neglected. In their tests
falw/ 2 )27 = 36.8. In the air tests to be run in this study,
which are discu%!%d briefly in the following section, the minimum value
of this parameter is approximately 124. Currently, there is no intention
of considering the viscous effects in the test results obtained in the

present study.
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Test am

The test program for the study of the generation and transmission of acoustic
waves and of acoustic damper concepts is established, all the necessary
hardvware and instrumentation has been ordered, and most of it has arrived.

The tests should be initiated by the week of 1l April 1966. This test program
is outlined here.

The hot-wire anemometer has arrived at Rocketdyne although the calibrator and
temperature compensating probes have not yet arrived. These are not expected
to hold up tests, but complete interpretation of the data may be delayed.

The suppliers of the Schayitgz-Bytrex transducers have delayed delivery but
have promised delivery within two weeks.

In connection with the experimental phase of the study of acoustic wave
generation, the flow field leaving the impeller blades of an F-1 pump
zust be determined, and its diffusion through momentum transfer determined
as a function of distance from the impeller tip. These tests are to be
performed in the F-l air rig using both 6 and 6+6 vane LOX and fuel pumpe
and will be accomplished by measuring the flow field with the hot-wire
anemometer at various points in the discharge system. Initially, the
flow measurements will be made by traversing the discharge flow channel
along the dashed lines A-A' in Fig. 7. At each point two probe
orientations sre required to compute the tangential and radial velocity
components illustrated in Fig. 7 where the axial velocity component is
assumed to be gzero,

Initial tests in the wave transmission study will be conducted in an air
system consisting of straight pipes with one or more simple discontimuities
(e.g., elbows, tees, orifices, horn, and/or valves) driven by the horn
driver. A typical test system is shown in Fig. 8. The components to be
tested are given below.

8o Straight pipe. Tests with a straight pipe will be made to
verify the one-dimensional time delay soclution of the wave
equation.

b. Elbows. Ten elbows are required. Three are mitered with turning
angles of 30, 60, and 90 degrees, respectively. Six elbows are
curved, three with long radii and three with short radii
according to commercial designations, with turning angles of 30,
60, and 90 degrees for each radius. The tenth elbow shall be a
900 mitered elbow with turning vanes.

¢, Tees. The typical tee joint systems are shown in Fig. 9.
Initial tests will be made with open ends. The tees should be
of a sige that the piping used in the elbow and straight pipe
tests can be used.

d. Conical Horn., To test the Mark 10 LOX and fuel valves, a horn
is required which expands from the driver diameter to a aix inch
and then an eight inch diameter. A conical horm is proposed
and is shown in Fig., 10, This horn is to be tested with a
straight section of 6" or 8" pipe at its discharge. The section
of the horn extending from 6" to 8" in diameter is to be slotted
for insertion of s removable splitter vane.



ACOUSTIC WAVE GEVERATION TEST PROGRAM

A
10 10X OR

FUEL VOLUTE
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HOT WIPE ANEMOMETER PROBE TO SURVEY FLOW ACROSS THE CHANNWEL DEPTH
ALONG THE RADIAL LINES A - Av,

U

PROBE ORIENTATION

IET U, = RADIAL FIOW VELOCITY, U, = TANGENTILL FIOW VELOCITY,
AND Uy = AYIAL FLOW VELOCITY. Uy IS ASSUMED TO BE APPROXDMATELY
ZERO ( WHICH IS PROBABLY A GOOD ASSUMPTION IN THE CENTER OF THE
DISCHARGE LINE ) THEN ORIENTATION B GIVES U, ONLY AND ORIENTATION
A GIVES THE VECTOR U, + Ty , i
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ACOUSTIC WAVE TRANSMISSION TEST PROCRAM

TYPICAL TZST SYSTEM
ACOUSTIC WAVE TRANSMISSION USING HOERN DRIVER

HORN DRIVER
b q
e 3 .8 ’S
p b
LFLEX JOINT TQO DECOUPLE HORN ——
| TROM SYSTEX v
POWER INPUT s
FROM OSCILLATOR L2
~a
8
E=—=—= carPED
OR OFEN
END

NOTES :

1.
2,

3.

PRESSURE TRANSDUCER ON ONE SIDE OF TUCT ANT HOT WIRE ANEMOMETER
PROBE T:P ON OTEER SIDE OF DUCT. { EXACT TaAP LOCATIONS TOU BE
FURNISHED. )} TRANSDUCERS AFE XISTLER 606L MODEL.

DUCTS MUST BE AT 1EAST TEN DIAMETERS IONG.

A SOUND ABSORBING UNIT WILL BE SUPPLIED TO THE OFEN END TO MOFRE
ATTAIN A NON-REFLECTING END.

HORN DRIVER HAS A 1-3/8% THREADED END, THE DUCT DIAMETER MUST
NOT BE MUCE LARGER THAN THIS.

THE ENTIRE SYSTEM TO PE SUPPORTED BY SIMPLE MECHANICAL SUPPORTS.
MECHANICAL VIBRATICNMS ATE NOT EXFECTED TO CREATE ! SERIOUS
PROBLEM, 3UT WEIGHTS M¥AY BE REQUIRED TO INCRELSE THE MASS OF

THE SYSTEM,




ACOUSTIC WAVE TRLUSMISSION TEST PROCIAM

TYPICAL TEE JOINT SYSTEMS

OPEN OR OFEN OR
CLOSED ERD CLOSEL END

—— FIEX JOINT

-«—— HORN DRIVER

HORN DRIVER

q
. pn B
P . . . ¢[, d]:

p

! OFEN OR

: OFEN OR
= CLOSED END

Fie. 9.



5COUSTIC WAVE TRANSMISSICK TEST PROGRAM

CONICAL HORN

HORN DRIVER AT THIS END TLT/—”‘(T
4
~1.5" én gn
q@é\j |
~ 5t -
q/F /D\
6!‘ 8“ » E m j\

EF\\WJ U

THE SECTION OF THE HOBN GOING FROY 6" TO 8" DIAMETER 1S TO BE SLOTTED
SUCH THAT A SPLITTER VANE CAN BE ADDED OR FREMOVED I¥ TESTS. WHEN THE
SPLITTER IS REMOVED TEE GROOVE INTO2 WHICH IT FITS MUST BE FILLED TO
GIVE A SMOOTE CIRCULAR INTERNAL CCNTOUR.
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e, Valves, After testing the horn, the Mark 10 LOX and fuel valves
will be tested using a system similar to that illustrated in
Fig. 8 with the addition of the conical horn at the driver
discharge and with the elbow being replaced by the appropriate
valve.

f., Orifices. Two sets of orifice tests are to be run using the
eight inch pipe sections. The firat set of tests will require
four orifice plates, each with a single sharp-edged orifice
located in its center with orifice to pipe areas of 0.5, 0.1, 0.01,
and 0,001, respectively. The second set of tests will have equal
total orifice area per test, but the mumber of orifice holes in
the plate will be varied, e.g., with 1, 4, 16, and 64 holes.

Following these component tests the horn driver will be mounted at the tongue
ofthenarklomxf:ndlaterthemel) volute in the F-1 air rig. This
will permit analyeis of the transfer function of the actual volutes.

These tests will be followed by tests with the F-l engine discharge system
in place rather than the air rig discharge.

Several acoustic damper concepts described below are to be tested using
an air system similar to that shown in Fig. 8, with the horn driver,
Each concept is shown in Fig. 11,

1, Tube bundle. A tube bundle of length 1.5 feet and g tely
1.5 inches inside diameter with thin walled tubes 1/4 inch
outside diameter ahall be tested.

2, Baffles, Using 1/2 closed unsymmetrical orifices a simple
baffle system shall be tested. Two baffles are considered
sufficient.

3, Screens, Four screens of diameter approximately 1.5 inches
and mesh size of 1/8 inch will be tested.

4, Capacitor., A simple capacitor consisting of an enlarged
section in the line shall be tested., The diameter ratio
proposed is 1/2.

5. Quincke Tube. A Juincke tube splits the oscillation signal
into two components then rejoins the components with the
phase shift. At the design frequency of the tube, the two
components are rejoined exactly out of phase such that they
theoretically would cancel each other.

6. Helmholtz Resonatore It is desirable to test a manifold
type of Helmholtz resonator, but no specific design has
yet been made. The type of resonator under consideration
is illustrated in Fig, 11,
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WAVE REINFORCEMENT

Analytical Development

The relative motion of rotating and stationary parts in a pump is

responsible for generating pressure and velocity waves which travel both
upstream and downstream of the point of generation. These waves are

denoted as acoustic waves since they travel at the acoustic velocity

relative to the medium., 7The acoustic waves of particular concern in
turbomachinery are generated as a rotating blade passes a stationary blade,
e.g. an impeller blade rotating past a stationary downstream diffuser vane,

If there are many such impeller and diffuser vanes, then each time an impeller
blade passes any diffuser vane acoustic waves are generated.

If this multi-vaned diffuser feeds a scroil (or volute) with a single
discharge and/or inlet, then the waves from each diffuser vane will

be traveling towards a common point. If these waves reach this point

at the same time they will be superimposed, and for our purposes a linear
superposition can be assumed. Clearly, each wave has the same frequency
and similar amplitudes, hcwever the phase of each wave depends upon its
wavelength and the distance from the point of superposition to the point
of origin of the wave., If each wave is exactly in phase wave reinforcement
is said to occur, and the resulting wave amplitude will,with our
approximations, be simply the sum of the amplitude of each of the individual
waves, For example, with 20 diffuser vanses wave reinforcement due to
phase coincidence would result in a discharge wave amplitude 20 times the
amplitude generated at each vane. If, using again the example case of

a 20 vane diffuser, the phase shift of waves from two adjacent vanes is

2 7c /20 radians, then the vector sum of the 20 amplitudes would result in
gero net amplitude. Strudb (11) has derived an analytical solution for
calculating the pump operating conditions at which wave reinforcement
would occur, This solution is presented below.

Consider the case illustrated in Fig. 12 (a) noting particularly the
direction of rotation of the impeller. Since only the relative phase
of successive waves is of concern, the waves can be assumed to be generated
when the impeller, diffuser vanes are in positions corresponding to vanes 1
and E, respectively. It can further be assumed that the time required
for a wave to travel from E to C is equal to that from B to D. Therefore,
if the wave from E is to be exactly in phase with the wave from B, then the
wvave from E must travel the distance CD in exactly the time required for the
inmpeller blade 2 to travel from A to B. These conditions can be stated
mathematically resulting in Strub's equation for wave reinforcement.
(Sote that the assumption that the waves travel along such paths as E-C-D
~is an approximation. Howewver, since adjacent diffuser sections are generally
geometrically similar and since only the relative phase of adjacent waves
is of interest, this assumption will not introduce any significant error,)
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The spacing of the impeller vanes is given by
EA = mD,/Z, (37)

where D, is the impeller outer dismeter (o.d.) and Z is the
number impeller vanes. The spacing between the Tuser
vanes projected along the impeller o.d. is

EB =nD i/z 4 (38)

Mhere Zd is the diffuser vane mmber. Therefore, the distance
AB is

T o, (A = 1 ). )

4 1

The velocity of the impeller at its o.d. is
V,= %D, n (40)

where n is the pump rotational speed in rps. Thus, the time
required for impeller vane #2 to travel from A to B is

t1='5'/vi=-—,1;-(-5i-— ‘gi-)- (41)

With an oscillation frequency given as jZ,n (where j is the order of
the harmonic, j = 1 being the fundamental impeller blade frequency), the
number of pressure oscill:tions in time ¢, is

2 -1
By=1t, = (z‘1 Z ) 3z, (42)

Letting Dv equal the mean volute dismeter

El-)- = 'KDJZd (43)
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The wave velocity along TD is
') = a+ Vv (44)

where a is the acoustic velocity of the medium and w is the
mean velocity in the _volute. The time required for a wave to
travel the distance CD is

tz = D . (45)
Z‘,1 a+w

Therefore, the mmber of oscillations in the length CD is
D jZn

6“"%; . 46)
2 Zda+\r (

The criterion for phase coincidence of two adjacent waves is that the
difference between the number of oscillations along CD and the number
of oscillations generated in the time required for the impeller to
travel the distance AB be a whole mmber, or

91- 92 =m. (47)

Substituting eqs. (42) and (46) into eq. (47) and solving for m/j yields

B=ih | by + XN . (48)
Z‘1 Zi a+Vw

The average velocity in the volute collector scroll is approximately

a constant and can be determined from the flow rate and area at the
volute discharge, With Q = volumetric flow rate in gpm and A = discharge
area in square inches

w=0:321Q3 .
A
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Or, in terms of the flow coefficient

A
w=_19.26 ‘Q[g} n
A (49)
where the pump speed is given by N in rpm and n in rps as before.
Substituting eq. (49) into eq. (48), and solving for pusp speed yields

N = 60n = 60.0 a[luvh{zi (-/,1-1)]

. = . (s0)
”%'£¥é(§)[12§fdjdj
i

This equation permits computation of the speeds at which a given harmonic
will result in wave reinforcement. There are two significant characteristics
of eq. (50) which should be mentioned. First, to scale the results for
various fluids requires only a ratio of the acoustic velocities of the

fluid. Secondly, the conditions for wave reinforcement do not depend on

the aspacing between the impeller and diffuser vanes.

Following the same procedure the criterion for phase coincidence at the
beginning of the volute can be developed for the case presented in Fig. 12b,
In this case the mumber of oscillatigns generated in the time required for
the impeller to travel the distance AB is

e ,{_1_ -1
172, 0z, |az

The velocity of propagation of the waves along CD is now (a - w) such
that the mmber of oscillations along CD is

(s1)

D‘r J2 n

©,=x
2 ‘i;'(:fi';) . (s2)

Substituting into eq. (47) and solving for m/J

%azi!zl-zl - wbhn ] (53)
Zd Z1 a-w
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Solving now for pump speed using eq. (49)

u=-so.OaE+zd (1-1)-‘] (54)
J

%

%D - 19,26 (/) [1 +2, (m- 1)]'

A J
2y

Numerjcal Caloulstions

Several Rocketdyne pumps with multi-vaned diffusers were analyzed for
determining the speeds at which wave reinforcement would occur, i.e.
the Mark 3, Mark 19, and Mark 26 fuel pumps. The Mark 3 and Mark 19
fuel pumps each have 13 diffuser vanes, but the Mark 3 pump has 10
impeller vanes while the Mark 19 pump has 24 impeller vanes, Thus, these
two pumpe each represent one of the two cases of the impeller vane
number being greater or less than the diffuser vane number.

The points at which wave reinforcement would occur was determined by
plotting pump speed versus the parameter (m/j) as given by eq. (50) or (54).
The resulting curve is shown for the Mark 3, Mark 19, and Mark 26 pumps in
Figs. 13, 14, and 15, respectively, in each case using the data presented
with the curve, In all cases the fluid is air. The points at which wave
reinforcemert occurs are shown for the first three harmonics. In genersl,
each successive harmonic is expected to be much less in amplitude than the
preceding one such that only the first two or three are of interest. HNote
that at many points more than one harmonic will reinforce, e.g. at

B = 0, all harmonics are reinforced.

The Mark 26 pump is being built up for testing in the J-2 air rig.
The tests will cover the range from 3000 to 10,000 rpm such that the
point, m/j = o, will be included in the teats. By filtering the data
the amplitudes of the variocus harmonics can be determined.

In testing any of the above pumpe in air, the discharge pressures and
temperatures do not change significantly with pump speed. As a result,
the acoustic velocity can be maintained as a constant for all speeds.
However, if the curves were to be plotted using the fuel as the fluid,
the change in discharge pressures and temperatures due to changes in

pump speed would result in significant changes in the acnustic velocity.
Furthermore, the discharge pressure and temperature are not just a function
of speed. Thus, the actual operating conditions are reguired to determine
accurately the acoustic velocity and the conditions of wave reinforcement.
This would complicate efforts to scale the results from one fluid to
another over a very large speed range.
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CAVITATION INDUCED OSCILLATIONS

A digital computer program has been developed which will yield the theoretical
cavity volume for any inducer as a function of the incidence angle and the
cavitation number. This information must now be put into a form suitable for
determining if this cavity volume will indicate the frequency and/or amplitude
of the cavitation induced oscillations. The cavity volume relationships can

be modeled on the analog computer for oscillation analysis purposes. If dynamic
pressure and flow data were available at the inlet and discharge of an inducer
the cavity theory could be evaluated. However, since flow data is not available,
the complete test system in which the dynanmic pressure data was obtained must
be modeled on the analog computer also. Since the purpose of this model is to
verify the concepts and results established concerning the cavity volume, then
the model of the rest of the system must be as accurate as is possible. Since
the dynamic properties of an impeller are unknown. a model of any pump tesat
facility would not contain the accuracy required for verifying the inducer
performance, As a result the Rocketdyne water tunnel system used for testing
inducers alone must be modeled.

A schematic diagram of the water tunnel ias shown in Fig. 16. Since interest

is only in low frequency oscillations (f % 50 cps), complexities such as elbows,

diffuser sections, etc. will in general not affect the transmission of waves

and can be ignored. However, since these oscillations occur at low values of |
NPSH, cavitation in the system at points other than at the inducer becomes more |
probable. To determine the effects of the inducer cavity volume any other |
cavity volume in the system must be accounted for in the system model. In |
the water tunnel system cavitation is believed to occur at some of the mitered

elbows and possibly elsewhere in the system. To account for this, dynamic

pressure data would have to be obtained at intermediate points throughout the

system as shown in fig. 16. All existing dynamic data has been obtained with

pressure transducers at the locations P-1 and P-2 only. Cost estimates were

obtained for installing the other transducers noted in the figure and for

running a short test program even though these items were not included in the

original proposal. However, the costs were larger than could be diverted to

this effort during the current program. Thus, the system will be modeled under

the assumption of no cavitation other than at the inducer. The results obtained

from the analog computer study should at least indicate the desirability of

pursuing this approach in which case this test program would be required.

Currently, measurements of the water tunnel system are being obtained after
which the system will be modeled on the computer,
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PROGRAM SCHEDULE

A time extension of two months has been requested by Rocketdyne as a result

of the three month delay in testing due to problems encountered with the
hot-wire snemometer. Assuming this extension will be granted, the schedule
planned for completing the current study program is shown in Fig. 17. As

has been discussed and verbally agreed upon by NASA the effort on the stall
oscillation analysis is of lowest priority and has been scheduled at the end
of the program. This analysis will be completed only as time and costs permit,
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